Abstract. Brain-derived neurotrophic factor (BDNF) has been demonstrated to be a potent growth factor that is beneficial in neuronal functions following hypoxia-ischemia (HI). Mature BDNF triggers three enzymes, mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K) and phosphoinositide phospholipase C-γ (PLCγ), which are its predominant downstream regulators. The PI3K-Akt signaling pathway is upstream of the mammalian target of rapamycin (mTOR), which is important in the induction of autophagy. However, whether the neuroprotective effect of BDNF is mediated by autophagy through the PI3K/Akt/mTOR pathway remains to be elucidated. Cortical neurons were cultured following isolation from pregnant rats (gestational days 16-18). The induction of autophagy following BDNF treatment was analyzed by microtubule-associated protein light chain 3 (LC3) conversion and autophagosome formation. The phosphorylation of Akt, mTOR and ribosomal protein S6 kinase (p70S6K) was analyzed in cultured cells with or without BDNF treatment. Cell viability was determined by a Cell Counting Kit-8 for estimating the protective effect of BDNF. Results demonstrated that autophagy was induced in cells with oxygen deprivation. BDNF promoted cell viability via the upregulation of autophagy. Moreover, LC3 upregulation was related to Akt/mTOR/p70S6K inhibition by BDNF. In conclusion, the results suggested that the neuroprotective effect of BDNF was mediated by autophagy through the PI3K/Akt/mTOR pathway.
Introduction
Hypoxic-ischemic (HI) brain injury is a serious insult that results in various degrees of damage to the body, leading to significant neurobehavioral dysfunctions. The immature brain is particularly fragile to oxygen deprivation (OD), termed HI brain damage (HIBD). Following HI stimulation, whether neurons undergo apoptosis or survive is dependent upon the duration that cells are able to maintain homeostasis following the insult. Autophagy is a cell-autonomous survival mechanism that maintains cell homeostasis. It is an essential catabolic process that degrades misfolded proteins and clears excess or damaged organelles in cells by isolating them in double membrane structures, which are then fused with lysosomes. This process contributes to the maintenance of the balance between degradation, synthesis and the recycling of cellular components, which is essential for cell homeostasis (1) . An increasing number of studies have indicated that the induction of cellular autophagy was associated with the attenuation of ischemia/reperfusion (I/R) injury (2, 3) .
Brain-derived neurotrophic factor (BDNF), a member of the mammalian neurotrophin family, has been demonstrated to be a potent growth factor that is beneficial to neuronal function following HI. The effects of BDNF are mediated via binding to its specific receptors, tyrosine kinase B (TrkB) and p75 (4, 5) . Mature BDNF triggers three intracellular signaling cascades, MAPK, PI3K and PLCγ pathways, which are its predominant downstream regulators (6) . Our previous studies also demonstrated that BDNF prevented cortical neurons from hypoxia-induced neurotoxicity by the upregulation of TrkB mRNA (7) and through the activation of the extracellular signal-regulated kinase (ERK) and PI3K pathways;
Neuroprotective effect of brain-derived neurotrophic factor mediated by autophagy through the PI3K/Akt/mTOR pathway AI CHEN [1] [2] [3] [4] , LI-JING XIONG  1-3 , YU TONG  2,3 and MENG MAO however, not through activation of the p38 MAPK pathway (8) . Akt is involved in multiple signaling pathways that relate to numerous biological processes, including cell proliferation and differentiation. It has been demonstrated that Akt is a central regulator of injury progression due to its extensive signaling in the ischemic brain. The best-studied downstream substrate of Akt is the mammalian target of rapamycin (mTOR), which is significant in inducing mammalian autophagy. Ribosomal protein S6 kinase (p70S6K) is the downstream effector of mTOR and controls protein translation. A study has suggested that the activation of the PI3K-Akt-mTOR signaling pathway may promote necrotic cell death via the suppression of autophagy (9) . Furthermore, caffeine induced apoptosis by enhancing autophagy via PI3K/Akt/mTOR/p70S6K inhibition (10) and ophiopogonin B-induced autophagy in non-small cell lung cancer cells via the inhibition of the PI3K/Akt signaling pathway (11) . Based on these previous results, it was hypothesized that BDNF may protect neurons from hypoxia injury in vitro by the induction of autophagy through the PI3K/Akt/mTOR/p70S6K signaling pathway. To test this hypothesis, cortical neurons were isolated from pregnant rats (gestational days [16] [17] [18] and cultured. Autophagy following BDNF treatment was investigated by microtubule-associated protein light chain 3 (LC3) conversion and autophagosome formation by LC3 fluorescence. The phosphorylation of Akt, mTOR and p70S6K was detected in cultured cells with or without BDNF treatment. Cell variability was analyzed by the Cell Counting Kit-8 for determination of the protective effect of BDNF.
Materials and methods
Primary culture of cortical neurons. All animal procedures were approved by the Sichuan University Committee on Animal Research (Sichuan, China). Pregnant Sprague-Dawley rats were supplied by the Experimental Animal Center of Sichuan University (Sichuan, China). Each test was repeated 3 times and neurons were cultured from three independent pregnant rats.
The method was used as described previously (12) with modifications. Briefly, cortical neuron cultures were prepared from the brains of rat embryos (gestational days [16] [17] [18] . Cerebral hemispheres were isolated aseptically and the meninges, olfactory bulbs and hippocampi were removed. The hemispheres were then incubated in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, MO, USA) containing 0.05% trypsin and 10 mg/ml DNase (Roche Diagnostics, Manheim, Germany) at 37˚C for 0.5-1 min. The cell suspensions were filtered through a 70 mm Falcon nylon cell strainer (BD Biosciences, Franklin Lakes, NJ, USA) to remove debris and centrifuged for 5 min at 120 x g with a Beckman-Coulter centrifuge (Miami, FL, USA). Cells were resuspended in Neurobasal medium containing 2% B27, 1% Glutamax, 100 IU/ml penicillin and 100 mg/ml streptomycin (Invitrogen Life Technologies, Carlsbad, CA, USA). Cells were then seeded at 1.6x10 6 /ml on 25 ml Corning culture dishes and precoated with 100 mg/ml of poly-D-lysine acidic protein (Sigma-Aldrich) for astrocytes.
Neurons were incubated in a humidified atmosphere of 95% air and 5% CO 2 and maintained at 37˚C as described previously (8) . Half of the medium was then replaced with fresh Neurobasal medium every 3 days. Experiments were initiated in vitro on days 7-10 when neurons were mature [i.e., >95% cells were neurons as determined by immunofluorescence staining with MAP2 for neurons and glial fibrillary acidic protein (GFAP) for astrocytes].
Hypoxia. OD was performed to initiate neonatal HI conditions in order to investigate the induction of autophagy in vitro, since consistent oxygen-glucose deprivation (OGD) destroyed the cells within 2 h in the pre-test. For OD, oxygen was removed by placing the cells in an anaerobic chamber perfused with 99% N 2 at 37˚C.
Cell viability. Cell viability was assessed by the Cell Counting Kit-8 (CCK-8, Dojindo, Kunamoto, Japan). Neurons dispensed as 100 µl cell suspension were seeded in 96-well plates (50,000 cells/well). The various groups were treated as follows: Group A (control), cultured under hypoxic conditions; Group B (50 ng/ml BDNF) received 50 ng/ml BDNF 30 min before hypoxia; Group C (100 ng/ml BDNF) received 100 ng/ml BDNF 30 min before hypoxia; and Group D (200 ng/ml BDNF) received BDNF 200 ng/ml 30 min before hypoxia. Subsequent to the different treatments, 10 µl CCK-8 solution was added to each well, according to the manufacturer's instructions. Subsequent to incubation at 37˚C for 3 h in a humidified CO 2 incubator, absorbance at 450 nm was measured with a microplate reader (Bio-Rad, Hercules, CA, USA). The values were used to calculate cell viability by setting the normoxic control to 100% (13) .
Western blot analysis. Total cell extracts were prepared. Protein concentration was determined using the bicinchoninic acid protein assay (Pierce Biotechnology, Inc., Rockford, IL, USA). The protein aliquot (40 µg) was subjected to sodium dodecyl sulfate gel electrophoresis and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). Subsequent to blocking with 5% non-fat milk, the membranes were incubated with the following primary antibodies: anti-phospho-Akt (Ser473; dilution, 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA, #9271), anti-phospho-mTOR (Ser2448; dilution, 1:1,000; Cell Signaling Technology, Inc., #2971), anti-phospho-p70S6K (THR389; dilution, 1:1,000; Cell Signaling Technology, Inc., #9205), anti-β-actin (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and anti-LC3 (dilution, 1:1,000; Cell Signaling Technology, Inc., #4108). The membranes were washed and incubated with horseradish peroxidase-conjugated antimouse (dilution, 1:1,000; Bio-Rad; #170-6520) or anti-rabbit secondary antibodies (dilution, 1:1000; Bio-Rad; #166-2408) for 2 h. The membrane was washed and specific bands were detected with Immobilon Western Chemiluminescent horseradish peroxidase substrate (Millipore) and bands were quantified using the Gel-Pro image analyzer software 4.0 (Media Cybernetics, Rockville, MD, USA).
Fluorescence microscopy analysis. The mouse MAP2 antibody (dilution, 1:250; Abcam, Cambridge, MA, USA) and the rabbit LC3 antibody (dilution, 1:500; Abcam) were used for immunocytochemistry 3 h following OD and BDNF expo-sure. The immunocytochemistry procedure was described previously (6) . Images were observed using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
Statistical analysis. Data are presented as the mean ± SD. One-way analysis of variance was performed for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Induction of autophagy in OD neurons.
In order to determine the timing of autophagy following OD treatment, the conversion of LC3 to 14 bp LC3II was analyzed. Total proteins were isolated from cultured neurons at 0.5, 1, 2, 3, 4, 5 and 6 h following OD treatment (n=3 per group). It was demonstrated that LC3 conversion began to increase at 0.5 h post-treatment, and significantly increased at 4-6 h (Fig. 1) .
BDNF protects OD neurons by upregulating autophagy.
To evaluate whether BDNF protected neurons from OD, the viability of cultured cortical neurons was detected by the CCK-8 assay. It was hypothesized that BDNF may exhibit autophagy activation in OD neurons similar to that of the autophagy promoter rapamycin.
Within the concentration range of 50 to 200 ng/ml, BDNF promoted cell viability compared with the negative control group. However, treatment with 50 ng/ml BDNF resulted in the greatest neuronal protection following OD for 5 h (Fig. 2) .
Therefore, combined with the CCK-8 assay results, 50 ng/ml BDNF was selected to be the interference concentration for subsequent experiments. BDNF (50 ng/ml) was added to the culture medium 24 h prior to OD and 300 nM rapamycin was added 30 min prior to OD, as in a previous study (8) . Western blot analysis was used to detect the conversion of LC3. Compared with the control group, the BDNF and rapamycin groups upregulated the conversion of LC3; however, the expression of LC3 was greatest in the rapamycin group (P<0.01, Fig. 3) .
Immunofluorescence staining was used to analyze the formation of autophagosomes following BDNF treatment. MAP2 staining identified the cultured cells to be neurons (green; Fig. 4A ), and LC3 aggregated in neurons with BDNF treatment, indicating the presence of autophagosomes (red; Fig. 4B ). 
BDNF induces the protection of OD neurons by enhancing autophagy via PI3K/Akt/mTOR/p70S6K inhibition.
The PI3K/Akt/mTOR/p70S6K signaling pathway is regarded to be an important pathway involved in the regulation of autophagy. Moreover, it is also associated with neuroprotection and is often activated in ischemic brain damage. Our previous studies demonstrated that BDNF prevented cortical neurons from hypoxia-induced neurotoxicity through the activation of PI3K pathways, but not the p38 MAPK pathway (8) . To investigate the signaling underlying the neuroprotection of BDNF against hypoxic insult, Sun et al (8) used LY294002 to inhibit PI3K. LY294002 partially blocked the neuroprotective effect of BDNF, suggesting that BDNF protected cultured cortical neurons from hypoxic injury via PI3K signaling pathways. 
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To investigate whether BDNF upregulated autophagy in OD neurons through the PI3K/Akt/mTOR/p70S6K pathways, the level of p-Akt, p-mTOR, p-p70S6K and LC3 conversion were detected, respectively, by western blot analysis. Autophagy flux was also detected to confirm the activity of autophagy using the autophagy inhibitor, 3-methyladenine (3-MA). At 3 h following OD treatment, BDNF pretreatment decreased the expression of p-Akt, p-mTOR and p-p70S6K, but increased the conversion of LC3 compared with the control group (P<0.05; Fig. 5A and B) . In addition, 3-MA (10 mM) was used to inhibit autophagy induced by BDNF in OD neurons. As a result, it was demonstrated that following autophagy inhibitor 3-MA treatment, the level of p-mTOR, p-p70S6K and the conversion of LC3 upregulated by BDNF were decreased. Only the level of p-Akt was marginally increased (P>0.05; Fig. 5A ). Furthermore, compared with the autophagy activator rapamycin, the levels of these proteins were similar with BDNF treatment (Fig. 5A and D) .
Discussion
To the best of our knowledge, this study demonstrated for the first time that BDNF protected neurons from hypoxia injury in vitro via the activation of autophagy through the PI3K/Akt/mTOR/p70S6K signaling pathway.
Our previous studies demonstrated that the predominant neuropathology following ischemia/reperfusion (I/R) injury with the OGD model began during the acute insult and extended into the reperfusion phase (6) (7) (8) . This study investigated ischemia but not reperfusion; therefore, OD was the only intervention that led to autophagy in the neurons. It was demonstrated that OD was capable of inducing autophagy in cultured neurons, suggesting that with a prolonged duration of OD, autophagy was upregulated to maintain homeostasis within the injured cells.
There are numerous controversies concerning the actual role of autophagy in cerebral ischemia depending on various pathological conditions neurons. A study demonstrated that pharmacological inhibition of autophagy resulted in attenuated focal cerebral ischemia-associated neural damage in rats (14) . However, intracerebral ventricle injection of 3-MA following permanent occlusion of the middle cerebral artery (pMCAO) in rats significantly reduced infarct volume (15) . In addition, the injury of ischemic brains in a rat model 3-7 days following ischemia was inhibited by the autophagy inhibitor, 3-MA (16). Moreover, Wang et al (17) determined that Nampt promoted neuronal survival through the induction of autophagy in MCAO rats. Furthermore, Balduini et al (18) observed that certain drugs with neuroprotective effects increased autophagy activity.
BDNF was discovered in 1982 and is a potent neuroprotective candidate that promotes the survival of neurons and may be a prospective treatment for neural injury induced by hypoxia. There are two types of BDNF, pro-and mature BDNF (19) . Mature BDNF is released predominantly by neurons through constitutive secretion or in an activity-dependent manner, exerting its effect through the high-affinity receptor TrkB (6) . Previous studies showed that BDNF was able to suppress apoptosis (20) , inflammation, neurotoxicity (21) and promote neural regeneration (22) . In addition, it also contributed to cognitive function and memory acquisition (23) . However, few studies have investigated the involvement of autophagy in BDNF protection against hypoxia, thus this requires further investigation.
In the present study, the neuron viability was analyzed following treatment with BDNF and rapamycin (an autophagy activator). It was observed that, compared with the control group, cell viabilities in the 50-100 ng/ml BDNF and 300 nM rapamycin groups were elevated. BDNF upregulated autophagic activities similar to the action of rapamycin. The aggregation of LC3 was determined by an immunofluorescence assay. The LC3 particle was observed to be scattered in the neural plasma, surrounding the neural nuclei. These results suggested that moderate autophagy induced by BDNF may aid in protecting the cortical neurons against hypoxia in vitro.
Upon binding to TrkB, survival-promoting effects of BDNF are elicited by activating various intracellular signaling cascades, including the ERK and PI3K pathway. Akt, a 57 kDa serine/threonine kinase, is a predominant activator of the PI3K pathway. Once activated, signaling through Akt is propagated by a diverse array of substrates, including mTOR. mTOR is a serine/threonine protein kinase with a large molecular size (~300 kDa) that belongs to the phosphatidylinositol kinase-related kinase (PIK) family. It is widely accepted as a key gene/protein in the regulation of mammalian autophagy. Therefore, whether the association between BDNF and autophagy occurred through the PI3K/Akt/mTOR/p70S6K pathway was investigated.
Phosphorylated Akt, mTOR and p70S6K are the active forms of Akt, mTOR and p70S6K, respectively. In the present study, these proteins decreased markedly in the BDNF group, while the level of LC3II increased. Autophagy flux is another aspect of autophagy monitoring. 3-MA was used at a high concentration (10 mM) to inhibit the earliest stages of autophagosome formation (24) . Therefore, 10 mM 3-MA was able to block the upregulation of LC3II induced by BDNF, and the levels of p-mTOR and p-70S6K declined. Data demonstrated that the Akt/mTOR/p70S6K pathway was interrupted by the autophagy inhibitor 3-MA.
However, p-mTOR and LC3 decreased simultaneously following 3-MA treatment. One possible reason is that 3-MA is a nonspecific inhibitor of class III PI3K. PI3Ks are a family of enzymes that are capable of phosphorylating phosphatidylinositol (PtdIns) at the 3'-hydroxyl group on the inositol ring. According to their specificity for the substrates and products, PI3Ks are categorized into three classes, class I, II and III. Class III PI3K is constitutively active and able to generate PtdIns(3)P from PtdIns. Upon activation, class I PI3K catalyzes PtdIns(4,5)P2 (the substrate for which it has the highest affinity) to produce PtdIns(3,4,5)P3, which triggers the downstream signaling cascade. mTOR binds several proteins to form two distinct protein complexes, mTORC1 and mTORC2. Akt binds to PtdIns(3,4,5)P3 via its pleckstrin homology (PH) domain and is phosphorylated. This p-Akt is further phosphorylated at serine 473 by mTOR complex II, which results in its full activation (25) . Activated Akt results in the activation of mTOR complex I and the signals are passed to its downstream effector S6 kinase/ribosomal protein S6 (26, 27) . Therefore, 3-MA inhibited class III PI3K leading to the decline of p-Akt, p-mTOR and p-70S6K. No significant downregulation of p-Akt was identified, which is partly due to a negative feedback mechanism by which the downstream mTOR effector S6 kinase-1 (S6K1) also regulates the pathway by catalyzing the inhibitory phosphorylation of insulin receptor substrate (IRS) proteins. This prevents IRS proteins activating PI3K, thereby inhibiting the activation of Akt.
Rapamycin is an autophagy promoter and its preconditioning attenuates transient focal cerebral I/R injury (2,28) and increases axonal growth capacity of injured peripheral nerves in neuropathology (29) . The beneficial effects of rapamycin to nerves were similar to that observed following treatment with BDNF (30) . According to the results of the present study, changes in the levels of p-Akt, p-mTOR, p-p70S6 and LC3II following the addition of rapamycin were correlated with the action of BDNF in inducing autophagy (31) .
Autophagy is an essential mechanism for maintaining cellular homeostasis when responding to stress. Our results revealed that autophagy was an important element of the endogenous defense mechanisms activated by OD preconditioning in vitro. BDNF may be considered as a novel neuroprotective candidate for its upregulation of autophagy. Although it was demonstrated that BDNF protected neurons from hypoxic injury by activation of autophagy through the PI3K/Akt/mTOR/p70S6K signaling pathway, further studies are required to confirm the specific effects and mechanism of BDNF.
